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Introduction

Total disc replacement (TDR) is intended to restore normal spinal movement while also preventing adjacent level disc degeneration and facet joint deterioration which may be associated with the kinematic and biomechanical changes produced by fusion. There is significant evidence-based scientific data to support the safety and efficacy of single level lumbar TDR for patients meeting well established selection criteria [START_REF] Schoeniger | Role of the extraosseus blood supply in osteoarthritic femoral heads?[END_REF][START_REF] Berg | Total disc replacement compared to lumbar fusion: a randomised controlled trial with 2-year follow-up[END_REF][START_REF] Wang | Do lumbar motion preserving devices reduce the risk of adjacent segment pathology compared with fusion surgery? A systematic review[END_REF][START_REF] Jacobs | Total disc replacement for chronic back pain in the presence of disc degeneration[END_REF][START_REF] Park | Long-Term Outcomes Following Lumbar Total Disc Replacement Using ProDisc-II: Average 10-Year Follow-Up at a Single Institute[END_REF].

Although all artificial discs are intended to achieve the same ends, there is considerable heterogeneity in design. Uni-and bi-articulated designs rely on bearing surfaces but do not replicate the elasticity, and the rotation and translation control of the native disc. New generation of elastomeric non-articulating devices has been developed to more effectively mimic the shock absorption and flexural stiffness of a native disc [START_REF] Rischke | Viscoelastic Disc Arthroplasty Provides Superior Back and Leg Pain Relief in Patients with Lumbar Disc Degeneration Compared to Anterior Lumbar Interbody Fusion[END_REF]. The LP-ESP (FH ORTHO, Chicago, IL) is a onepiece deformable but cohesive interbody spacer (figure 1). The first LP-ESP implanted in 2004 for a premarket evaluation and became available for all surgeons in 2006. The properties of this viscoelastic implant include providing 6 degrees of freedom, no fixed center of rotation and a silent block function which have been previously published [START_REF] Lazennec | The LP-ESP((R)) lumbar disc prosthesis with 6 degrees of freedom: development and 7 years of clinical experience[END_REF][START_REF] Lazennec | Clinical outcomes, radiologic kinematics, and effects on sagittal balance of the 6 df LP-ESP lumbar disc prosthesis[END_REF]. One important characteristic of LP-ESP is the bumping effect and the elastic return of translation and rotation. To date more than 3000 implantations have been performed worldwide.

The aim of this study was to report clinical and radiological results at 5 years follow-up. The analysis, in accordance with the ethical standards of our institutions, are focused not only on clinical results but also on the range of motion and mean center of rotation of the implanted level as well as adjacent segments.

The main research questions were: * Does LP-ESP provide consistent improvement of pain and function in patients with chronic low back pain (CLB)? * Does LP-ESP maintain or restore motion to the index level of surgery quantitatively and qualitatively? * Does LP-ESP maintain or restore motion to the adjacent segments of the lumbar spine?

Materials and methods

We obtained approval from our IRB. All patients who were in this study provided written informed consent after having received verbal and written information.

Population

We analyzed a group of 142 TDR patients with 5 years follow up. We excluded hybrid constructs and 2 level surgeries and we selected only monosegmental disc replacement cases. Sixty-one patients were eligible with strict exclusion criteria (no missed follow-up visits, no missing films, no poor exposure quality films). In all these cases, we had a perfect data set with dynamic lateral radiographs to assess the mobility and rotation centers at the disc replacement and adjacent levels.

The indication for TDR was the conjunction of persistent back pain and monosegmental disc disease on the MRI (showing "black disc", annulus rupture, or Modic changes). As for our current practice, exclusion criteria for surgery included age older than 60 years, neurological deficit, stenosis, spondylolisthesis, and facet arthropathy. All patients had an intermediate functional activity according to the Baecke score [START_REF] Baecke | A short questionnaire for the measurement of habitual physical activity in epidemiological studies[END_REF]. According to the standard of care in our institutions and the applicable regulations of our health authorities the surgical indication for disc replacement was based on a pluridisciplinar analysis of each case.

The surgeries were performed between July 2007 and December 2010. The data was analyzed by an independent observer who was not involved in patient selection, surgical procedures, or follow-up process. The time points were 3, 6, 12, 24 and 60 months.

Clinical analysis

We used visual analog scale (VAS, scored from 0-100) [START_REF] Ostelo | Interpreting change scores for pain and functional status in low back pain: towards international consensus regarding minimal important change[END_REF], the Oswestry disability index (ODI) and short form-36 questionnaire (SF-36, both physical and mental scores) [START_REF] Mchorney | The MOS 36-item Short-Form Health Survey (SF-36): III. Tests of data quality, scaling assumptions, and reliability across diverse patient groups[END_REF] and general health questionnaire (GHQ28). Additionally, the patients were asked if they considered the results satisfactory or not. We considered the surgery successful if there was no revision or reoperation surgery.

Radiological analysis

Radiographs of the lumbar spine were prospectively collected for the study before surgery and at each time points. The radiographs were analyzed with SpineView software (Surgiview Corporation, Paris, France) for assessing the range of motion in flexion extension and the location of the MCR. The MCR is localized using its co-ordinates as described by Tournier et al. [START_REF] Tournier | Total disc arthroplasty: consequences for sagittal balance and lumbar spine movement[END_REF]: X is expressed as a percentage of the length of the vertebral end plate, and Y as a percentage of the height of the posterior wall. The reference location of the MCR is in a circle, whose center is placed between 30 and 50% of the superior vertebral endplate, and whose diameter is 70% of the vertebral endplate size. The lordosis in the disc (DL) and the L1S1 lumbar lordosis (LL) were measured on the lateral view at every time point.

We studied the adjacent levels according to the Zigler classification for disc height alteration: grade 0 (within 25% of normal height); grade 1 (mild, 25% to 50% of normal height); grade 2 (moderate, 50% to 75% of normal height) and grade 3 (severe, more than 75% of normal height). We looked at the occurrence of local ossifications or spondylolisthesis.

Statistical analysis

Data was analyzed using SPSS 16.0 with p-value set at 0.05. The comparative tests were carried out using the matched Student's t test for quantitative clinical parameters, the Mann-Whitney nonparametric test for qualitative data (ODI, EVA, SF-36, GHQ-28).

Results

Clinical results

There were 24 male and 37 female. The mean age at the time of surgery was 42.8 + 7.7 years-old (range: 27-60). The mean BMI at the time of surgery was 24.2 kg/m² + 3.4 (range: 18-33). The surgical level was L5-S1 in 39 cases and L4-L5 in 22 cases.

The results of the questionnaires (VAS, ODI, GHQ28, SF-36) are reported in table 1. For the entire cohort, there was a statistically significant improvement in all outcome scores. The mean VAS decrease was 3.3 points (average improvement of 50 % at 60 months follow-up). For the ODI, 82% of the patients had an improvement of more than 15% and 75 % of patients had more than 25% improvement. The average decrease of the GHQ 28 score was 11.6 points. The SF-36 improvement was 26.4% for the physical score and 18.4% for the mental score.

Additional surgeries were performed in 5 cases. In 3 cases, the additional procedures were initially planed in the surgical program: one case had adjacent L3-to-L5 posterior pedicular dynamic stabilization system above a L5S1 TDR and two L5S1 TDR cases had additional laminectomies (L2L3 and L5S1). In 2 cases, the additional procedure was a secondary revision procedure for fusion (both L4L5 cases). One was decided because of a progressive subsidence of the implant in the L4 inferior end plate after 3 years. The other case was considered as a clinical non-success of the TDR: a secondary posterior fusion was decided but this procedure did not bring any significant improvement.

In the 56 remaining patients none experienced facet joint pain. One patient with sacroiliac pain needed local injections.

Radiological results

56 cases (36 L5S1 and 20 L4L5 TDR) were radiologically studied (exclusion of the 3 cases with additional surgeries and the 2 posterior fusion cases).

The average range of motion at the LP-ESP level was 5.9° ± 4.0 at one year, 7.0° ± 3.8 at 2 years, and 7.3° ± 3.5 at five years. Detailed results are reported in table 2. The global mobility of the lumbar spine and the segmental mobility (TDR and adjacent levels) at each time point are presented in figure 2 in the case of L4L5 and L5S1 separately. The LP ESP mobility for the 56 cases was significantly correlated with the global L1-S1 ROM (p< 0,001 Pearson coefficient 0,67). The same result was observed when considering only the L5S1 TDR group (p< 0,001 Pearson coefficient 0,71) or the L4L5 cases (p< 0,001 Pearson coefficient 0,65).

The location of the mean center of rotation (MCR) at 5 years is reported in figure 3 for L4L5 and L5S1 cases. In all cases, the MCR was located in the zone described by Tournier et al.

The lordosis in the intervertebral space at the index level and the whole lumbar lordosis (L1S1) are reported on table 3.

We did not observe local ossifications nor osteolysis on the standard X Rays. All patients remained grade 0 for disc height at adjacent levels according the classification of Ziegler et al.

Discussion:

This study aims at assessing the mid-term clinical outcomes after TDR with LP-ESP focusing on mobility and mean center of rotation of disc replacement implant and adjacent levels as well as the mobility of whole lumbar spine. Clinical results are consistent with other published series. The level of activity of the patients cannot compare with the data in the other series [START_REF] Zigler | Five-year results of the prospective, randomized, multicenter, Food and Drug Administration investigational device exemption study of the ProDisc-L total disc replacement versus circumferential arthrodesis for the treatment of single-level degenerative disc disease[END_REF][START_REF] Park | Clinical outcome of lumbar total disc replacement using ProDisc-L in degenerative disc disease: minimum 5-year follow-up results at a single institute[END_REF][START_REF] Guyer | Five-Year Follow-Up of a Prospective, Randomized Trial Comparing Two Lumbar Total Disc Replacements[END_REF][START_REF] Guyer | Prospective, randomized, multicenter Food and Drug Administration investigational device exemption study of lumbar total disc replacement with the CHARITE artificial disc versus lumbar fusion: five-year follow-up[END_REF][START_REF] Skold | Five-year follow-up of total disc replacement compared to fusion: a randomized controlled trial[END_REF]. We observed a low level of adverse events and specifically no facet joints problems.

Several short-term and mid-term studies on TDR have reported statistically significant improvement in clinical outcomes [START_REF] Lazennec | Clinical outcomes, radiologic kinematics, and effects on sagittal balance of the 6 df LP-ESP lumbar disc prosthesis[END_REF][START_REF] Mn | Clinical and Radiological Mid-Term Outcomes of Lumbar Single-Level Total Disc Replacement[END_REF][START_REF] Rao | Artificial total disc replacement versus fusion for lumbar degenerative disc disease: a meta-analysis of randomized controlled trials[END_REF][START_REF] Wei | Comparison of artificial total disc replacement versus fusion for lumbar degenerative disc disease: a meta-analysis of randomized controlled trials[END_REF]. The facet joint pain was not well investigated previously in TDR studies. Van de Kelft et al. reported that 16% of patients developed facet joints pain requiring non steroidal anti-inflammatory drugs or local injection and radiofrequency facet denervation with balland-socket prosthesis [START_REF] Van De Kelft | Clinical outcome of monosegmental total disc replacement for lumbar disc disease with ball-and-socket prosthesis (Maverick): prospective study with four-year follow-up[END_REF]. Zigler et al. reported 119 patients with an average follow-up of 53.4 months. The incidence of adjacent level disease was 9.2%. Progression of facet joint pain was observed in 20.0% of the patients [START_REF] Zigler | Five-year results of the prospective, randomized, multicenter, Food and Drug Administration investigational device exemption study of the ProDisc-L total disc replacement versus circumferential arthrodesis for the treatment of single-level degenerative disc disease[END_REF]. We did not find in the current study any adjacent level disease in any of our patients at 5 years follow up. Based on our observation, our hypothesis is that the viscoelastic nature of LP-ESP without constraining the centers of rotation can provide more protection of the facet joints and adjacent levels. This hypothesis must be confirmed with longer term analysis.

The number of revision surgeries in our study is lower than previously reported series (see table 4). We hypothesize that the monoblock design of the LP-ESP implant avoids segmental instability and subsequent revision. In addition, the elasticity of the implant may prevent progressive soft tissue stretching and delayed local instability. Also the viscoelastic characteristics of the implants seem forgiving at the time of implantation regarding its positioning. In our study, we did not found any bone ingrowth failure at the endplates.

The radiological analysis demonstrated that the range of motion was comparable to other published series at the index level. The global range of motion of the lumbar spine data were also consistent with previously published data regarding the physiological spine adjusted to the age [START_REF] Wong | The flexion-extension profile of lumbar spine in 100 healthy volunteers[END_REF]. The mean center of rotation analysis and the study of segmental and global mobility of the lumbar spine demonstrated a rather encouraging post op evolution. The mean center of rotation is less precise than the analysis with continuous or instantaneous basis, or at multiple points in the motion cycle. Nevertheless, this qualitative analysis is clinically accessible and allows comparisons with previously published paper about normal lumbar spine functional mobility [START_REF] Aiyangar | Instantaneous centers of rotation for lumbar segmental extension in vivo[END_REF][START_REF] Schmidt | The relation between the instantaneous center of rotation and facet joint forces -A finite element analysis[END_REF].The results for MCR location are consistent with data reported by Aiyangar et [START_REF] Aiyangar | Instantaneous centers of rotation for lumbar segmental extension in vivo[END_REF] the for the normal lumbar spine. The lumbar lordosis remained stable overtime as if self-adjusted inspite of the local change induced by the prosthesis.

The silent block design of LP-ESP provides an interesting specificity as its conception induces a limitation of axial rotation, which may contribute on itself to the protection of the facets joints at the operated level and probably help preventing adjacent level disease. It could be the key factor that makes the difference regarding rotational instability problems reported with other implants experimentally [START_REF] Cunningham | Biomechanical evaluation of total disc replacement arthroplasty: an in vitro human cadaveric model[END_REF] or clinically [START_REF] Sariali El | In vivo study of the kinematics in axial rotation of the lumbar spine after total intervertebral disc replacement: long-term results: a 10-14 years follow up evaluation[END_REF]. The control and limitation of segmental lordosis and its evolutive adaptation (see table 3) could be an additional protective factor for the facets. Unfortunately, no other comparative TDR series are available yet in the literature to provide 5 years follow up for MCR and global mobility of the lumbar spine after monosegmental disc replacement.

Conclusion

This LP-ESP viscoelastic disc replacement series reports significant improvement in mid-term clinical outcomes, consistent with previously published studies. We also observed a surprisingly low rate of revision surgery and no adjacent level disease or facet joints problems. The radiological study of segmental and global mobility and measurement of mean centers of rotation at the index and adjacent levels demonstrate the quality of functional reconstruction of the lumbar spine after LP-ESP viscoelastic disc replacement. These favorable radiological findings, protection of facets and the control of local rotation are relevant arguments keep interest on this generation of silent block implants. 
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 3 Figure 3. X and Y coordinates of the MCR at the implanted and the adjacent levels. (Origin = upper posterior angle of the lower vertebral body; Unit = length of the upper endplate of the lower vertebral body for X , height of the posterior wall of the lower vertebral body for Y).
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